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Feedback has been a problem that has plagued hearing aids for years.  Despite advances 
in technology associated with feedback management, feedback remains one of the most common 
patient complaints regarding analog and digital hearing aids with 28% of hearing aid patients 
reporting dissatisfaction with their hearing aids due to feedback (Kochkin, 2005).  Only wind 
noise and hearing aid use in noisy situations ranked higher with more patient complaints 
(Kochkin, 2005).  Reasons for complaints regarding feedback may be attributed to several 
factors.  First, audible acoustic feedback presents a high pitch whistling which many patients 
may find annoying.  Second, this whistling may also be audible to others in close vicinity to the 
patient which can be a source of embarrassment for the patient.  Third, the presence of acoustic 
feedback limits the amount of available gain to the patient.  This is especially problematic for 
more severe hearing losses, as the amount of gain that the patient needs in order to receive 
benefit and/or satisfaction may not be achieved with specific styles of hearing aids without 
generating feedback (Chung, 2004). Fourth, the presence of acoustic feedback limits the size of 
the vent available on the hearing aid or earmold and may contribute to the occlusion effect 
(Chung, 2004).  Fifth, the presence of acoustic feedback can affect the recognition of speech as 
well as the sound quality of amplified sound (Freed & Soli, 2006).   
While acoustic feedback is the type of feedback most often cited as a problem, there are 
in fact, three types of feedback: acoustic, including sub-oscillatory and oscillatory; mechanical; 
and electromagnetic. 
Acoustic feedback occurs when the output of the receiver leaks out of the ear canal via 
the sides of the earmold, hearing aid shell, vent or tubing and enters the microphone of the 
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hearing aid and is then reamplified, forming a feedback loop.  Acoustic leakage is attenuated by 
the physical presence of the hearing aid, by reducing amplification from the receiver to the 
microphone.  However, acoustic leakage becomes a problem when the gain of the hearing aid is 
greater than the attenuation of the acoustic leakage, resulting in an audible oscillatory signal, 
perceived as “whistling,” as the feedback increases each time it is re-amplified (Banerjee, 
Recker, & Paumen, 2006; Chung, 2004).  Sub-oscillatory acoustic feedback occurs when the 
gain of the hearing aid is slightly below the level at which oscillatory feedback occurs, resulting 
in peaks in the frequency response of the hearing aid.  These peaks, often high-frequency, may 
produce an uncomfortable sharpness in processed speech and affect speech recognition (Cox, 
1982; Freed & Soli, 2006).  Sub-oscillatory feedback is audible to the patient, but not to others in 
close proximity to the patient.  In this study, acoustic feedback, whether oscillatory or sub-
oscillatory will be referred to as feedback.  
Mechanical feedback occurs when the vibration of the receiver is transmitted to the 
microphone via the shell or faceplate of in-the-ear (ITE) hearing aids or the tubing of behind-the-
ear (BTE) hearing aids.  If the vibration is picked up by the microphone, it is reamplified, 
forming a feedback loop (Chung, 2004; Agnew, 1996).     
Electromagnetic feedback occurs when the hearing aid is in the telecoil mode.  Magnetic 
radiation from the receiver is picked up by the receiver and reamplified (Agnew, 1996; Chung, 
2004). 
In this study, acoustic feedback will be specifically addressed.  Acoustic feedback occurs 
in two capacities, external acoustic feedback and internal acoustic feedback.  External acoustic 
feedback refers to feedback due to the fitting of the hearing aid or earmold.  Internal acoustic 
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feedback refers to feedback occurring within the hearing aid due to a malfunction (Agnew, 
1996).  In this study, external acoustic feedback will be specifically discussed and studied. 
Feedback occurs due to several causes.  Agnew (1996) classified these causes into four 
categories:  Acoustic leakage, hearing aid characteristics, user characteristics, and miscellaneous.  
Acoustic leakage includes a poor fitting of the earmold or shell and a crack or break in the seal of 
the tubing.  Hearing aid characteristics include excessive high frequency gain, wide vent, and 
style of hearing aid in relation to desired gain.  User characteristics include traits distinct to the 
patient such as pinna shape and size, high ear canal resonance (i.e. greater than 2800 Hz), 
excessive cerumen, compliance of the tympanic membrane, and jaw movement.  Miscellaneous 
characteristics consist of reflective surfaces near the hearing aid, such as a hat or wall, which can 
elicit feedback; as well as improper probe tube measurements.  Feedback can occur due to one of 
these causes or a combination of several.   
For as long as feedback has been a problem, strategies to combat feedback have been 
utilized.  Strategies often begin with making physical changes to the earmold or shell.  These 
changes include decreasing vent size, increasing canal length, damping the tubing, increasing the 
outside thickness of the tubing, changing earmold style and material, and remaking the earmold 
or shell to achieve a better fit.  These changes may solve the feedback problem while introducing 
new problems to the patient including increasing the occlusion effect, or providing an 
uncomfortable fitting earmold or hearing aid (Chung, 2004).   
Static electronic strategies address feedback by adjusting the circuit of the hearing aids.  
Some strategies work to reduce overall gain.  These include: using the volume control to 
manually reduce gain when feedback occurs, bandpass filtering or reducing gain in all 
bands/channels of a multiple channel hearing aid, or reducing gain in specific bands or channels.  
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While these strategies can be effective, they may present further problems specifically related to 
speech recognition such as inaudible or unintelligible speech (Agnew, 1996; Freed & Soli, 
2006).   
There are several other electronic strategies to combat feedback without reducing overall 
gain.  Agnew (1996) provides a brief summary of these.  High frequency damping or the “rolling 
off” of high frequencies works by shifting the peak resonance of the receiver to a lower 
frequency in order to reduce high frequency gain thus reducing the possibility of feedback.  
Notch filtering reduces feedback in a very narrow frequency range by attenuating sound by 
approximately 40 dB or more in a narrow band surrounding a center frequency (Agnew, 1996).  
Thus, gain is reduced in a narrow frequency range, for example, in the 500 Hz bandwidth 
(Agnew, 1996).  This can be effective, however, feedback does not always occur at the same 
frequency, therefore despite a notch filter, the patient may still experience feedback.    Frequency 
shifting, works by slightly shifting the frequency of the output from the frequency of the input, 
creating a difference that will reduce the occurrence of feedback.  Phase shifting changes the 
phase of the signal during the forward path of the hearing aid in order to vary the phase of the 
signal.  Some of these strategies have been utilized in hearing aids; however, due to the nature of 
feedback, challenges remain.  While these static strategies may effectively eliminate feedback, 
they may create side effects which may be detrimental to the patient.  Side effects include 
compromising speech recognition due to decreased overall gain or decreased high frequency 
gain.  Further, feedback is not a static phenomenon and feedback frequencies change due to a 
change in the feedback path.  Feedback paths are affected by acoustic input and patient 
characteristics, therefore any static strategy will not fully eliminate the potential of feedback. 
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Adaptive feedback reduction algorithms have been developed to address the variable 
nature of feedback and feedback pathways.  It is also of particular importance due to the 
possibility of changing feedback paths.  Changes in head position, jaw movement, and earmold 
position all alter the feedback pathway.  An adaptive feedback reduction algorithm can approach 
these changes most effectively. 
Adaptive feedback reduction algorithms have been categorized by several authors.  Freed 
and Soli (2006) categorize adaptive feedback algorithms in two categories, detectors and 
cancellers.  Detectors examine the frequencies in real time where feedback is occurring and work 
to eliminate feedback by using notch filters, gain reduction or other methods.  Cancellers 
generate a signal that mimic the feedback signal when feedback is detected at the output of the 
hearing aid.  The feedback is then subtracted from the generated signal, canceling the feedback 
(Banerjee et al, 2006).         
Chung (2004) further categorizes adaptive feedback reduction algorithms as adaptive 
gain reduction, adaptive phase cancellation, and adaptive notch filters.  These adaptive 
algorithms can work individually or can be applied together in the same hearing aid.  Adaptive 
gain reduction examines the frequency channels that feedback occurs and reduces the gain in the 
channel based on the magnitude of the feedback.  These have also been described as feedback 
managers. Performing a feedback manager test during the hearing aid fitting adjusts the hearing 
aid to maximum gain.  If a signal associated with feedback is detected, a maximum level for gain 
is set (Chung, 2004).  Adaptive gain reduction may be used in association with other adaptive 
feedback reduction algorithms.  Adaptive notch filtering generates notch filters to reduce 
feedback at multiple frequencies in which feedback is detected (Chung, 2004).  Adaptive phase 
cancellation as described previously by Freed and Soli (2006) as “cancellers” is also categorized.  
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It is important to consider that each proprietary feedback reduction algorithm may work slightly 
different and will be addressed further in this study.       
As technology continues to evolve and as adaptive feedback reduction algorithms 
become typical, it is becoming increasingly important to assess the performance of these 
adaptive feedback algorithms.  Some investigators have reported on the sound quality judgments 
of hearing aids with feedback reduction algorithms (Greenberg, Zurek, & Brantley 2000; 
Johnson, Ricketts, & Hornsby, 2007).  Several authors have studied adaptive feedback reduction 
algorithms, often assessing the added stable gain (ASG).  ASG, also referred to as “headroom,” 
or “gain margin” can be defined as the additional amount of gain the feedback algorithm allows 
before the hearing aid produces an oscillating response.  ASG involves first, establishing the 
maximum stable gain (MSG).  MSG is defined as the maximum amount of gain provided by the 
hearing aid, before oscillation, audible whistling, or other predetermined criteria to demonstrate 
feedback occurs.  ASG is calculated as the difference between MSG with the feedback reduction 
algorithm enabled and MSG with the feedback reduction algorithm disabled. 
Greenberg et al (2000) studied ASG and its impact on sound quality for four feedback 
reduction algorithms (three test algorithms and one reference algorithm) using seven subjects.  
The hearing aids were programmed to the NAL-R target based upon the subject’s hearing 
thresholds. In addition, the hearing aids were programmed to a] match the subject’s use real ear 
insertion gain (REIG);  b] to have an REIG for a hearing aid with a flat frequency response, and 
c] feedback path transfer functions.  Subjects were asked to compare the three other frequency 
responses to match the response that was similar to frequency gain characteristics of their current 
hearing aids based only on sound quality.  MSG was determined utilizing the criteria defined as:  
no oscillation of the hearing aid, no artifact that degrade the speech signal, compression limiting 
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occurring on less than 20% of speech samples, and a limit of 30 dB of gain.   MSG was 
established by beginning 10 dB below (referred to as -10 dB) the previously determined 
frequency-gain characteristic (referred to as 0 dB).  Gain was increased in 1 dB increments and 
MSG was determined as the amount of gain that did not violate any of the MSG criteria or cause 
oscillation with subjects’ jaw movement.  MSG was evaluated in an open vent and closed vent 
condition for each ear.  ASG was calculated by subtracting the MSG of the reference algorithm 
from that of the each of the three test algorithms.  Greenberg et al (2000) reported that ASG 
ranged between -1 to 25 dB with a mean ASG of 8.5 dB for the experimental algorithm and 
approximately 5 dB for the other algorithms.    
Freed and Soli (2006) studied nine adaptive feedback reduction algorithms.  The authors 
determined objectively that feedback was occurring through the use of a power concentration 
ratio (PCR).  The PCR measures a large amount of power occurring in a predetermined number 
of small frequency bands in the output of the hearing aid.  The PCR can range from 0.0 to 1.0.  A 
value of 0.0 represents no oscillation, while 1.0 represents definitive oscillation.  A PCR 
threshold value was also identified as 0.5 through listening tests.  This was described as the level 
prior to where oscillation began (Freed & Soli, 2006).  From the PCR, Freed and Soli (2006) 
determined MSG using the criteria of a PCR of less than 0.5 with the feedback reduction 
algorithm enabled and disabled, then calculated ASG.  Freed and Soli (2006) note that MSG 
enabled and MSG disabled is a device setting on the hearing aid through the manufacturers 
software and not an actual measure of gain.  They further note that there may be a difference 
between the actual gain measured from the hearing aid and the device setting available through 
the manufacturers’ software.   They found a wide range of performance, particularly in ASG, 
with a range of 0 to 18 dB.  It can be noted that ASG of 0 dB provides no benefit to the patient.  
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Freed and Soli (2006) also found that detector anti-feedback algorithms and canceller anti-
feedback algorithms both had their own individual strengths and weaknesses, but were unable to 
separate these further.   
Freed and Soli (2006) also used the PCR to examine how the adaptive feedback reduction 
algorithm reduces suboscillatory peaks in the frequency.  Further, Freed and Soli examined 
feedback reduction algorithms by measuring the “dip bandwidth” which assessed whether a 
feedback reduction algorithm reduces gain in any frequency region.  A final assessment of 
adaptive feedback reduction algorithms was made using the “extraneous frequency ratio” which 
measured the algorithms’ response to tonal inputs.  While these components of adaptive 
feedback reduction algorithms are not directly measured in this study, they are important to note 
in the body of work that has been reported to assess feedback algorithms.   
Merks, Banerjee, & Trine (2006) studied six manufacturers’ adaptive phase cancellation 
algorithms.  They programmed each hearing aid linearly with a flat frequency response and 
recorded the signal consisting of acoustic leakage, hearing aid response, and feedback from the 
ear of KEMAR.  The authors were able to differentiate the feedback component from the 
remainder of the signal by completing measurements at different gain settings.  MSG was 
estimated from the impulse response of each hearing aid with the feedback reduction algorithm 
disabled and enabled (S.  Banerjee, personal communication March 25, 2007).  They note that 
MSG is estimated as a function of frequency, where the greatest amount of gain will occur at the 
peak of the response regardless of the frequency.  Thus, measures of MSG and subsequent ASG 
results are not frequency specific.  They found that ASG ranged from 3.5 dB to 16.3 dB.  They 
also found that of the six hearing aids studied, four had ASG values greater than 10 dB.  The 
authors deemed an ASG of less than 10 dB was “inadequate” for patient benefit.  Although this 
9 
Lenzen 
is the opinion of the authors, the author of this study believes 10 dB of additional gain can be 
advantageous to the patient.  It should be noted that the value of “ASG adequacy” can differ 
depending on whether determination of MSG is based on the definitive occurrence of oscillation 
or as a change in sound quality.        
Banerjee et al (2006) compared the feedback reduction performance of two hearing aids 
on 20 ears.  Gain for each hearing aid was increased in 1 dB steps until the hearing aid was just 
below audible feedback.  At this point, real ear aided gain (REAG) was measured using a 60 dB 
SPL composite noise signal with the feedback reduction algorithm disabled and enabled.  MSG 
was calculated by averaging the gain at 1,000 Hz, 1,600 Hz, and 2,500 Hz.  The authors found 
that ASG ranged between 9-12 dB across the two hearing aids. The average difference in ASG 
between the two study hearing aids of 3 dB.     
Previous studies (Banerjee et al., 2006; Merks et al., 2006; Freed & Soli, 2006) have 
evaluated the performance of feedback reduction algorithms, as well as begun to standardize 
procedures, using the ASG method, for the evaluation of feedback reduction algorithms.  This 
study is expanding on the work of previous authors.  Freed and Soli (2006) cited a need for 
further research on adaptive feedback reduction algorithms due to the variety of acoustic 
conditions, input signals, styles and frequency responses of hearing aids, as well as anatomical 
differences between subjects that can all affect the possibility of feedback.  Further research is 
necessary to narrow the conditions that most effectively evaluate the performance of feedback 
reduction algorithms.  The present study contributed to finding appropriate conditions for 
evaluating adaptive feedback reduction algorithms as well as developing a procedure for 
clinicians to evaluate these algorithms.       
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Previous studies (Merks et. al., 2006; Freed & Soli, 2006) have evaluated the 
performance of feedback reduction algorithms by increasing overall gain and calculating ASG as 
non-frequency specific.  It can be assumed that by calculating frequency specific ASG, one can 
determine in which region feedback is most likely to occur and which region can achieve a 
greater ASG.  Further, there have been few studies to directly consider magnitude of hearing loss 
and audiometric configuration when evaluating the effectiveness of feedback reduction 
algorithms.  In these studies, the focus was on subjective preference of hearing aid users while 
measuring MSG.  Banerjee et al. (2006) measured MSG for 10 subjects with mild to moderately 
severe hearing loss comparing two hearing aids with different feedback reduction algorithms.  
Greenberg et al. (2000) studied seven subjects with different severity of hearing loss, who rated 
pleasantness and intelligibility in hearing aids with four different feedback reduction algorithms.  
Greenberg et al found that subjects with more severe hearing losses may benefit more from 
feedback reduction algorithms than those with less severe hearing losses.  Greenberg et al. 
(2000) further noted that a greater number of subjects and audiograms would be necessary to 
greater define the relationship between severity of hearing loss and feedback reduction 
algorithms. 
 The current study evaluated ten audiometric configurations and referred to these as 
“audiograms.”  Magnitude of hearing loss ranged from within normal limits to profound and 
varied in configuration, between flat, gradually sloping, sharply sloping and precipitously 





Table 1: Audiometric configuration and magnitude for study audiograms. 
Hearing Loss Configuration in dB HL 
 500 Hz 4000 Hz Slope Magnitude 
1 15 dB HL 40 dB HL 
 
 
Gradual Normal to Mild 
2 15 dB HL 55 dB HL Sharp Normal to 
Moderately Severe
3 15 dB HL 70 dB HL Precipitous Normal to Severe 
4 25 dB HL 40 dB HL Flat Slight to Mild 
5 25 dB HL 70 dB HL Sharp Slight to Severe 
6 40 dB HL 40 dB HL Flat Mild 
7 40 dB HL 70 dB HL Gradual Mild to 
Moderately Severe
8 40 dB HL 90 dB HL Precipitous Mild to Profound 
9 55 dB HL 70 dB HL Flat Moderate to 
Moderately Severe
10 70 dB HL 90 dB HL Gradual Moderately Severe 
to Profound 
 
Taking magnitude of hearing loss and audiometric configuration into account allowed for further 
examination of the necessity of feedback reduction algorithms and may have effects on the cost 
of the hearing aid and level of technology chosen for the patient.  That is, this study attempted to 
determine for which combination of hearing loss and configuration, feedback was least likely or 
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most likely to occur.  This finding may help clinicians evaluate the importance of this feature 
during the hearing aid selection process. 
For this study, the following questions were asked: 
1. Are there significant differences in mean ASG of six major hearing aid 
manufacturers (ReSound, Oticon, Widex, Siemens, Phonak, and Starkey) 
averaged across the ten audiometric configuration (“audiograms”), two earmolds 
(open and closed), and three frequency bands (200-900, 1000-2500 and 2600-
6000 Hz) ? 
2. Are there significant differences in mean ASG in the audiograms averaged across 
hearing aid manufacturers, earmolds, and frequency bands? 
3. Are there significant differences in mean ASG in the earmold conditions averaged 
across hearing aid manufacturers, audiograms, and frequency bands? 
4. Are there significant differences in mean ASG in the frequency bands averaged 
across hearing aid manufacturers, audiograms, and earmolds?  
5. Are there significant differences in the mean ASG for the six two-factor 
interactions (manufacturer x audiogram; manufacturer x earmolds; manufacturer 
by frequency bands; audiogram x earmolds; audiogram x frequency bands; 
earmold by frequency bands)? 
6. Are there significant differences in the mean ASG for the four three-factor 
interactions (manufacturer x audiogram x earmolds; manufacturer x audiogram x 
frequency band; manufacturer x earmold x frequency bands; audiogram x 
earmolds x frequency band)? 
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7. Are there significant differences in the mean ASG for the one four-factor 
interactions (manufacturer x audiogram x earmolds x frequency bands)? 
Methods 
 The effectiveness of feedback reduction algorithms was studied using behind-the-ear 
(BTE), premium level hearing aids will be evaluated from six major hearing aid manufacturers:  
GNReSound (Azure AZ8o-DVI), Oticon (Syncro Power), Phonak (Savia Art 411 dSZ), Siemens 
(Centra P), Starkey (Destiny 1200 Power Plus), and Widex (Inteo IN-19).  Premium level 
hearing aids were chosen to maintain all of the hearing aids and feedback reduction algorithms 
on the same technological level.  All study aids utilize an active canceller algorithm.  However, 
there are differences among the types of feedback systems in each study hearing aid.  Each study 
hearing aid, except for Siemens, has an initialization portion in the programming software to the 
feedback system.  This initialization portion presents a stimulus through the hearing aid, with the 
output to be compared to the known spectrum of the stimulus.  Initialization allows the software 
to assess feedback paths and determine in which regions feedback will most likely be problem 
(Banerjee et al., 2006).  The Widex and GN ReSound feedback systems both initialize the 
feedback system through two microphones, to account for the change in feedback pathway due 
to change in microphone polar pattern.  Some manufacturers (GN ReSound, Siemens, and 
Starkey) utilize an active canceller feedback reduction algorithm only, regardless of 
initialization.  Other manufacturers (Oticon, Phonak) have a feedback manager independent of  
the active canceller.  Oticon and Phonak use the information obtained during initialization as part 
of the “feedback manager.”  The “feedback manager” typically decreases the gain 5-6 dB from 
where feedback was deemed most likely a problem during initialization to determine the amount 
of gain available without feedback. In the instance where the hearing aid is programmed to a 
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level that falls outside of the available gain determined during initialization, the programming 
software will reduce the gain in that particular channel.  A drawback of the feedback manager is 
that it may reduce gain so much that it degrades the ability to effectively amplify high frequency 
inputs.  The Widex hearing aid differs from other feedback systems because it uses a short acting 
and long acting strategy to combat feedback.  The short acting strategy finds the offending 
frequency and quickly decreases the gain (notch filtering) where feedback is occurring.  The long 
acting strategy is feedback cancellation, similar to other manufacturers’ canceller algorithm.  
Also, the Widex hearing aid has multiple modes for the feedback canceller, SuperGain and 
SuperGain Max. The default setting, SuperGain, was used for this study. The feedback system of 
each study hearing aid is summarized along with other features of each study hearing aidin Table 
2.  





Frequency Range (Hz) 





GN ReSound (Azure 
AZ8o-DVI) 9 100-5900** Canceller 
Oticon (Syncro 




Phonak (Savia Art 
411 dSZ) 20 <100-6800** 
Canceller + static 
feedback manager 
Siemens (Centra P) 16 <130-6000* Canceller 
Starkey (Destiny 1200 
Power Plus) 12 200-5000* Canceller  




Each BTE hearing aid was coupled to two custom earmolds.  A full shell earmold with a 
pressure vent and an open CROS earmold, manufactured from an impression taken from the 
large right ear of KEMAR, were used. 
Each hearing aid was coupled to the large right ear of the Knowles Electronics Manikin 
for Acoustic Research (KEMAR) (Burkhard & Sachs, 1975).  A photo of KEMAR is illustrated 






Figure 1a:  Knowles Electronic Manikin for Acoustic Research 





Figure 1b:  Knowles Electronics Manikin for Acoustic Research (KEMAR) configuration  
for real-ear measurements (REM). 
  
The head size of KEMAR is constructed to resemble a median human head.  
Measurements of the head include:  Head length (forehead to occipit) 19.1 cm; head breadth 
(temporal to temporal) 15.2 cm; and head height (chin to vertex) 22.4 cm.  Torso measurements 
include:  shoulder breadth 44 cm; and chest breadth 28.2 cm (Burkhard & Sachs, 1975).  
KEMAR was fit with a large right pinna simulator.  The large size pinna is comparable to that of 
an American or European male (G.R.A.S. Sound & Vibration, 2007).  The length of the pinna is 
5.89 cm.  Ear canal length is 2.15 cm (Burkhard & Sachs, 1975).  The frequency response of the 
right ear of KEMAR as measured in our lab according at 0° azimuth is illustrated in Figure 2 as 
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well as the average frequency response in a study of 49 ears by Valente, Valente, & Goebel 
(1991). 
 
Figure 2:  Real Ear Unaided Gain (REUG) from KEMAR at Washington  
University School of Medicine and average REAG from Valente, M., Valente.,  
M., & Goebel, J. (1991).  Reliability and intersubject variability of the real ear  
unaided response.  Ear & Hearing 12(3), 216-220. 
 
Each hearing aid was verified via 2cc coupler measures using the FONIX 7000.  
Calibration of the FONIX 7000 was carried out according to manufacturer instructions at the 
beginning of each test session (Frye Electronics, 2007).  Measurements were performed in a 
double walled sound suite with dimensions of 2.4 m x 2.8 m and were made for each of 120 test 
conditions (six manufacturers x two earmolds x ten audiograms). 
Hearing aid features such as noise reduction, directional microphones, expansion, and 
compression were disabled.  Each hearing aid was programmed using real ear measures (REM) 
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to the NAL-NL1 (Byrne, Dillon, Ching, Katsch, & Keidser, 2001) prescriptive real ear aided 
gain (REAG) target available in the FONIX 7000 for each of the ten audiograms.  REAG is the 
optimal measurement parameter for use, due to the nature of obtaining REAG and accounting for 
the gain produced by the hearing aid to compensate for the loss of gain due to earmold insertion 
(S. Banerjee, personal communication, November 27, 2007).  As a result of the FONIX 7000 not 
having an REAG target, the average real ear unaided gain (REUG) was added to the NAL-NL1 
prescribed real ear insertion gain (REIG) to result in the prescribed REAG (K. Frye, personal 
communication, December 4, 2007).  The calculation of these targets is in Table 3a-e.  The 
NAL-NL1 prescription warrants changes in the target based on the number of compression 
channels due to power summation and loudness normalization.  Byrne et al. (2001) describes the 
rationale for changes in the target based on the number of channels in a hearing aid.  Changes are 
typically present in high frequency channels that contribute to the speech intelligibility index 
(SII) (ANSI, 1993).  Changes in prescriptive gain are also more evident in moderate to severe 
hearing loss than for mild hearing loss.   Therefore, in Table 3a-e it is evident at mid to high 
frequencies (i.e., 1000 Hz, 1500 Hz, 2000 Hz, and 3000 Hz) the reduced gain for a greater 
number of channels.  
Table 3a: Calculation of REAG Target using the average REUG (0 degrees at head surface) 
provided by the FONIX 7000 (+)  the NAL-NL1 derived target for each audiogram for each 
frequency (250-8000 Hz) for the GN ReSound Azure AZ8o-DVI (9 channels) and Oticon Syncro 
Power (8 channels).   
Frequency (Hz) 
 250 500 750 1000 1500 2000 3000 4000 6000 8000 
Average 
REUG 0.6 0.4 0.4 0.8 4.9 12.4 14.3 12.2 4.3 1.1 




Audiogram 1 0 0 0.7 5.1 7.7 11 11.2 14.3 16.2 17.4 
Audiogram 2 0 0 1.2 7.8 10.5 13.7 16.3 19.8 20.8 18.4 
Audiogram 3 0 0 4.1 13.3 18.9 22.9 24.2 22 23.1 13.6 
Audiogram 4 0 0.4 3 7.8 10.4 10.9 11.2 14.1 16.1 16.4 
Audiogram 5 0 1.2 4.8 10.8 14 21.5 22.8 22 23.1 13.6 
Audiogram 6 2.1 6.5 9.9 16.3 16.8 16.7 14.6 14.2 16.5 15.4 
Audiogram 7 2.5 8.8 13.9 22.6 24.9 24.4 25.2 23 24.8 14.8 
Audiogram 8 2.9 9.7 15 23.3 27.6 29.6 31.1 22.2 25.2 3.2 
Audiogram 9 9.9 16.2 20.5 28.7 28.8 27 26.1 24.1 26.4 17.6 
Audiogram 10 20.1 26.3 30.6 38.7 38 34.7 35 25.9 30.7 12.5 
Calculated REAG Target [Average REUG (+) Prescribed REIG] 
Audiogram 1 0.6 0.4 1.1 5.9 12.6 23.4 25.5 26.5 20.5 18.5 
Audiogram 2 0.6 0.4 1.6 8.6 15.4 26.1 30.6 32.0 25.1 19.5 
Audiogram 3 0.6 0.4 4.5 14.1 23.8 35.3 38.5 34.2 27.4 14.7 
Audiogram 4 0.6 0.8 3.4 8.6 15.3 23.3 25.5 26.3 20.4 17.5 
Audiogram 5 0.6 1.6 5.2 11.6 18.9 33.9 37.1 34.2 27.4 14.7 
Audiogram 6 2.7 6.9 10.3 17.1 21.7 29.1 28.9 26.4 20.8 16.5 
Audiogram 7 3.1 9.2 14.3 23.4 29.8 36.8 39.5 35.2 29.1 15.9 
Audiogram 8 3.5 10.1 15.4 24.1 32.5 42.0 45.4 34.4 29.5 4.3 
Audiogram 9 10.5 16.6 20.9 29.5 33.7 39.4 40.4 36.3 30.7 18.7 
Audiogram 10 20.7 26.7 31.0 39.5 42.9 47.1 49.3 38.1 35.0 13.6 
Table 3b: Calculation of REAG Target using the average REUG (0 degrees at head surface) 
provided by the FONIX 7000 (+)  the NAL-NL1 derived target for each audiogram for each 
frequency (250-8000 Hz) for the Phonak Savia 411 (20 channels). 
Frequency (Hz) 
 250 500 750 1000 1500 2000 3000 4000 6000 8000 
Average REUG 0.6 0.4 0.4 0.8 4.9 12.4 14.3 12.2 4.3 1.1 
Prescribed NAL-NL1 REIG Target 
Audiogram 1 0 0 0.7 5.1 7.7 11 11.2 14.3 16.2 17.4 
Audiogram 2 0 0 1.2 7.8 10.5 13.7 16.3 19.8 20.8 18.4 
Audiogram 3 0 0 4.1 13.3 18.9 19.4 22.1 22 23.1 13.6 
Audiogram 4 0 0.4 3 7.8 10.4 10.9 11.2 14.1 16.1 16.4 
Audiogram 5 0 1.2 4.8 10.8 14 18.1 20.2 22 23.1 13.6 
Audiogram 6 2.1 6.5 9.9 16.3 16.8 15.4 14.5 14.2 16.5 15.4 
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Audiogram 7 2.5 8.8 13.9 22.6 24.7 21 22.3 23 24.8 14.8 
Audiogram 8 2.9 9.7 15 23.3 26.7 26.1 30.1 22.2 25.2 3.2 
Audiogram 9 9.9 16.2 20.5 28.7 27.2 23.5 22.7 24.1 26.4 17.6 
Audiogram 10 20.1 26.3 30.6 38.3 35.3 31.3 32.5 25.9 30.7 12.5 
Calculated REAG Target [Average REUG (+) Prescribed REIG] 
Audiogram 1 0.6 0.4 1.1 5.9 12.6 23.4 25.5 26.5 20.5 18.5 
Audiogram 2 0.6 0.4 1.6 8.6 15.4 26.1 30.6 32.0 25.1 19.5 
Audiogram 3 0.6 0.4 4.5 14.1 23.8 31.8 36.4 34.2 27.4 14.7 
Audiogram 4 0.6 0.8 3.4 8.6 15.3 23.3 25.5 26.3 20.4 17.5 
Audiogram 5 0.6 1.6 5.2 11.6 18.9 30.5 34.5 34.2 27.4 14.7 
Audiogram 6 2.7 6.9 10.3 17.1 21.7 29.1 28.9 26.4 20.8 16.5 
Audiogram 7 3.1 9.2 14.3 23.4 29.6 33.4 36.6 35.2 29.1 15.9 
Audiogram 8 3.5 10.1 15.4 24.1 31.6 38.5 44.4 34.4 29.5 4.3 
Audiogram 9 10.5 16.6 20.9 29.5 32.1 35.9 37.0 36.3 30.7 18.7 
Audiogram 10 20.7 26.7 31.0 39.1 40.2 43.7 46.8 38.1 35.0 13.6 
 
Table 3c: Calculation of REAG Target using the average REUG (0 degrees at head surface) provided by 
the FONIX 7000 (+)  the NAL-NL1 derived target for each audiogram for each frequency (250-8000 Hz) 
for the Siemens Centra P (16 channels). 
Frequency (Hz) 
 250 500 750 1000 1500 2000 3000 4000 6000 8000 
Average 
REUG 0.6 0.4 0.4 0.8 4.9 12.4 14.3 12.2 4.3 1.1 
Prescribed NAL-NL1 REIG Target
Audiogram 1 0 0 0.7 5.1 7.7 11 11.2 14.3 16.2 17.4 
Audiogram 2 0 0 1.2 7.8 10.5 13.7 16.3 19.8 20.8 18.4 
Audiogram 3 0 0 4.1 13.3 18.9 20 22.7 22 23.1 13.6 
Audiogram 4 0 0.4 3 7.8 10.4 10.9 11.2 14.1 16.1 16.4 
Audiogram 5 0 1.2 4.8 10.8 14 18.6 20.8 22 23.1 13.6 
Audiogram 6 2.1 6.5 9.9 16.3 16.8 15.9 14.6 14.2 16.5 15.4 
Audiogram 7 2.5 8.8 13.9 22.6 24.9 21.6 22.9 23 24.8 14.8 
Audiogram 8 2.9 9.7 15 23.3 27.1 26.7 30.4 22.2 25.2 3.2 
Audiogram 9 9.9 16.2 20.5 28.7 27.7 24.1 23.3 24.1 26.4 17.6 
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Table 3d: Calculation of REAG Target using the average REUG (0 degrees at head surface) 
provided by the FONIX 7000 (+)  the NAL-NL1 derived target for each audiogram for each 
frequency (250-8000 Hz) for the Starkey Destiny 1600 Power Plus (12 channels). 
Audiogram 10 20.1 26.3 30.6 38.7 35.9 31.9 33.1 25.9 30.7 12.5 
Calculated REAG Target [Average REUG (+) Prescribed REIG] 
Audiogram 1 0.6 0.4 1.1 5.9 12.6 23.4 25.5 26.5 20.5 18.5 
Audiogram 2 0.6 0.4 1.6 8.6 15.4 26.1 30.6 32.0 25.1 19.5 
Audiogram 3 0.6 0.4 4.5 14.1 23.8 32.4 37 34.2 27.4 14.7 
Audiogram 4 0.6 0.8 3.4 8.6 15.3 23.3 25.5 26.3 20.4 17.5 
Audiogram 5 0.6 1.6 5.2 11.6 18.9 31 35.1 34.2 27.4 14.7 
Audiogram 6 2.7 6.9 10.3 17.1 21.7 28.3 28.9 26.4 20.8 16.5 
Audiogram 7 3.1 9.2 14.3 23.4 29.8 34 37.2 35.2 29.1 15.9 
Audiogram 8 3.5 10.1 15.4 24.1 32 39.1 44.7 34.4 29.5 4.3 
Audiogram 9 10.5 16.6 20.9 29.5 32.6 36.5 37.6 36.3 30.7 18.7 
Audiogram 10 20.7 26.7 31.0 39.5 41.9 44.6 47.8 38.1 35.0 13.6 
Frequency (Hz) 
 250 500 750 1000 1500 2000 3000 4000 6000 8000 
Average 
REUG 0.6 0.4 0.4 0.8 4.9 12.4 14.3 12.2 4.3 1.1 
Prescribed NAL-NL1 REIG Target
Audiogram 1 0 0 0.7 5.1 7.7 11 11.2 14.3 16.2 17.4 
Audiogram 2 0 0 1.2 7.8 10.5 13.7 16.3 19.8 20.8 18.4 
Audiogram 3 0 0 4.1 13.3 18.9 21.4 23.9 22 23.1 13.6 
Audiogram 4 0 0.4 3 7.8 10.4 10.9 11.2 14.1 16.1 16.4 
Audiogram 5 0 1.2 4.8 10.8 14 20.1 22.2 22 23.1 13.6 
Audiogram 6 2.1 6.5 9.9 16.3 16.8 16.7 14.6 14.2 16.5 15.4 
Audiogram 7 2.5 8.8 13.9 22.6 24.9 23 24.4 23 24.8 14.8 
Audiogram 8 2.9 9.7 15 23.3 27.6 28.1 30.8 22.2 25.2 3.2 
Audiogram 9 9.9 16.2 20.5 28.7 28.7 25.6 24.7 24.1 26.4 17.6 
Audiogram 10 20.1 26.3 30.6 38.7 37 33.3 34.6 25.9 30.7 12.5 
Calculated REAG Target [Average REUG (+) Prescribed REIG] 
Audiogram 1 0.6 0.4 1.1 5.9 12.6 23.4 25.5 26.5 20.5 18.5 
Audiogram 2 0.6 0.4 1.6 8.6 15.4 26.1 30.6 32.0 25.1 19.5 
Audiogram 3 0.6 0.4 4.5 14.1 23.8 33.8 38.2 34.2 27.4 14.7 
Audiogram 4 0.6 0.8 3.4 8.6 15.3 23.3 25.5 26.3 20.4 17.5 
Audiogram 5 0.6 1.6 5.2 11.6 18.9 32.5 36.5 34.2 27.4 14.7 




Audiogram 7 3.1 9.2 14.3 23.4 29.8 35.4 38.7 35.2 29.1 15.9 
Audiogram 8 3.5 10.1 15.4 24.1 32.5 40.5 45.1 34.4 29.5 4.3 
Audiogram 9 10.5 16.6 20.9 29.5 33.6 38.0 39.0 36.3 30.7 18.7 
Audiogram 10 20.7 26.7 31.0 39.5 41.9 45.7 48.9 38.1 35.0 13.6 
 
 
Table 3e:  Calculation of REAG Target using the average REUG (0 degrees at head surface) 
provided by the FONIX 7000 (+)  the NAL-NL1 derived target for each audiogram for each 
frequency (250-8000 Hz) for the Widex IN-19 (15 channels). 
 
Frequency (Hz) 
 250 500 750 1000 1500 2000 3000 4000 6000 8000 
Average 
REUG 0.6 0.4 0.4 0.8 4.9 12.4 14.3 12.2 4.3 1.1 
Prescribed NAL-NL1 REIG Target
Audiogram 1 0 0 0.7 5.1 7.7 11 11.2 14.3 16.2 17.4 
Audiogram 2 0 0 1.2 7.8 10.5 13.7 16.3 19.8 20.8 18.4 
Audiogram 3 0 0 4.1 13.3 18.9 20.3 23 22 23.1 13.6 
Audiogram 4 0 0.4 3 7.8 10.4 10.9 11.2 14.1 16.1 16.4 
Audiogram 5 0 1.2 4.8 10.8 14 19 21.1 22 23.1 13.6 
Audiogram 6 2.1 6.5 9.9 16.3 16.8 16.3 14.6 14.2 16.5 15.4 
Audiogram 7 2.5 8.8 13.9 22.6 24.9 21.9 23.2 23 24.8 14.8 
Audiogram 8 2.9 9.7 15 23.3 27.4 27 30.5 22.2 25.2 3.2 
Audiogram 9 9.9 16.2 20.5 28.7 27.9 24.4 23.6 24.1 26.4 17.6 
Audiogram 10 20.1 26.3 30.6 38.7 36.2 32.2 33.5 25.9 30.7 12.5 
Calculated REAG Target [Average REUG (+) Prescribed REIG] 
Audiogram 1 0.6 0.4 1.1 5.9 12.6 23.4 25.5 26.5 20.5 18.5 
Audiogram 2 0.6 0.4 1.6 8.6 15.4 26.1 30.6 32.0 25.1 19.5 
Audiogram 3 0.6 0.4 4.5 14.1 23.8 32.7 37.3 34.2 27.4 14.7 
Audiogram 4 0.6 0.8 3.4 8.6 15.3 23.3 25.5 26.3 20.4 17.5 
Audiogram 5 0.6 1.6 5.2 11.6 18.9 31.4 35.4 34.2 27.4 14.7 
Audiogram 6 2.7 6.9 10.3 17.1 21.7 28.7 28.9 26.4 20.8 16.5 
Audiogram 7 3.1 9.2 14.3 23.4 29.8 34.3 37.5 35.2 29.1 15.9 
Audiogram 8 3.5 10.1 15.4 24.1 32.3 39.4 44.8 34.4 29.5 4.3 
Audiogram 9 10.5 16.6 20.9 29.5 32.8 36.8 37.9 36.3 30.7 18.7 
Audiogram 10 20.7 26.7 31 39.5 41.1 44.6 47.8 38.1 35 13.6 
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An input level of 65 dB SPL was utilized to verify each hearing aid met the NAL-NL1 
target for the respective audiogram for a 65 dB SPL input level.  An input level of 65 dB SPL 
was chosen to meet target for average conversational speech.  Each hearing aid was programmed 
so that the measured REAG was within target by +/- 5 dB at 500 Hz to 3000 Hz and within +/- 
10 dB of target at 4000 Hz.  Examples of meeting the target for each of the 10 audiograms are 
available in Figures 3a-3j.  Each NAL-NL1 target was reached except for Audiogram 10.  This 
target could not be reached at 3000 Hz due to audible feedback.  An arrow signifies this 
frequency in Figure 3j.  
 
 
Figure 3a: NAL-NL1 prescriptive target (Curve A) and measured REAG (Curve 7) 






Figure 3b: NAL-NL1 prescriptive target (Curve A) and measured REAG (Curve 7)  
for Phonak in the open earmold condition, Audiogram 2. 
 
 
Figure 3c: NAL-NL1 prescriptive target (Curve A) and measured REAG (Curve 7)  




Figure 3d: NAL-NL1 prescriptive target (Curve A) and measured REAG (Curve 7) for Phonak 
in the open earmold condition, Audiogram 4. 
 
 
Figure 3e: NAL-NL1 prescriptive target (Curve A) and measured REAG (Curve 7)  




Figure 3f: NAL-NL1 prescriptive target (Curve A) and measured REAG (Curve 7) for Phonak 
in the open earmold condition, Audiogram 6. 
 
 
Figure 3g: NAL-NL1 prescriptive target (Curve A) and measured REAG (Curve 7)  




Figure 3h: NAL-NL1 prescriptive target (Curve A) and measured REAG (Curve 7) 
for Phonak in the closed earmold condition, Audiogram 8. 
 
 
Figure 3i: NAL-NL1 prescriptive target (Curve A) and measured REAG (Curve 7)  





Figure 3j: NAL-NL1 prescriptive target (Curve A) and measured REAG (Curve 7) for Phonak 
in the closed earmold condition, Audiogram 10.  Note (arrow) that target could not be met at 3K 
Hz due to audible feedback. 
 
Probe tube placement differed for the open and closed earmold conditions.  For the 
closed earmold condition, the probe tube was placed through the pressure vent.  For the open 
earmold condition, the probe tube was placed in the canal prior to the insertion of the earmold.  
Special care was taken to ensure the probe tube was not moved or compressed by the insertion of 
the earmold.  While the probe tube could not be glued in place to guarantee exact placement of 
the probe tube for each measurement, an REUG measurement was conducted during each test 
session to ensure approximately consistent placement of the probe tube, although the average 
REUG provided by the FONIX 7000 was used for each measurement.  The configuration of the 
menu to complete REM, is illustrated in Figure 4.   Note that a compression threshold of 69 dB 
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SPL is the highest compression threshold available in the FONIX 7000 and utilized due to the 
linear programming of the hearing aids.  The number of channels was selected accordingly for 
each of the six hearing aid conditions. 
 
Figure 4: Menu configuration for Real Ear Insertion Gain measurements.  Note settings for 
Display (Graph), Output Limit (140 dB SPL), Unaided (Average), Reference Mic (Off), Noise 
Red (Tone) (Off), Noise Red (Comp) (4x), Compression (69 dB), No. of Channels (Varied 
between 8 and 18+, dependent on manufacturer), Fit Type (Bilateral), Sound Field (0 degrees), 
and Ref.  Position (Head surface). 
  
In order to objectively measure when feedback was occurring, the menu of the FONIX 
7000 was changed so the 7000 could be used as a spectrum analyzer.  This was accomplished in 
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the FONIX 7000 “Real Ear SPL” menu from the “Real Ear Screen” menu.  Curves not related to 
the feedback measurement were deleted and the sound source was turned “off.”  A step-by-step 
guide for the configuration of the FONIX 7000 as a spectrum analyzer is available in Appendix 
A.  The presence of feedback was recorded by a probe tube from the probe microphone placed in 
the right ear of KEMAR.  Figure 5 shows the spectrum analysis of a hearing aid without 
feedback. 
 
Figure 5:  Example of spectrum analysis of hearing aid without feedback.  
 
Figure 6 shows the spectrum analysis of a hearing aid with feedback.  Note the greatly increased 
RMS output, despite manually increasing the gain by only 1 dB in the high frequency band 
through the hearing aid’s programming software.  Also note peaks at approximately 3000 Hz and 
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6000 Hz that are characteristic of the instability of a hearing aid with feedback.  The use of the 
FONIX 7000 also allows for the use of a headset that enabled the investigator to hear audible 
feedback or changes in sound quality recorded from the probe tube. 
 
Figure 6:  Example of spectrum analysis of hearing aid with feedback characterized by 
instability in the frequency response with peaks approximately 3000 and 6000 Hz.   
Audible “echo” also heard in this condition.  
 
Assessment of each adaptive feedback reduction algorithm occurred by measuring MSG 
and then calculating ASG in three frequency bands.  The three frequency bands consist of a low 
frequency band from 200-900 Hz; a middle frequency band from 1000-2500 Hz; and a high 
frequency band from 2600-6000 Hz.  Frequency bands were determined by comparing the 
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frequency channels available in each study hearing aid to find similarities and distinctions 
between which would be low, middle and high frequency bands.  To measure MSGFB Off, gain 
was initially increased in the high frequency band in 1 dB increments until feedback was 
detected as an “instability” representative of oscillation or a small peak in the spectral analysis of 
the output of the hearing aid along with an audible change in sound quality.  Again, Figure 6 
provides an example of this “instability.”  An audible change in sound quality, heard when 
listening through the headset, can be described as an “echo.”   This “echo” was often observed 
prior to the “whistling” sound that is typically associated with feedback.  Figure 7 provides an 
example of the spectrum analysis display when the hearing aid has whistling feedback.  Note the 
sharp peak at approximately 6000 Hz and output of 126.9 dB SPL.   Time was provided between 
each 1 dB increase in overall gain to ensure the spectrum measure was stable, in order to better 




Figure 7:  Example of spectrum analysis of hearing aid with feedback characterized by sharp 
peak at approximately 6000 Hz and audible whistling.  
 
MSG Off, was identified as the greatest amount of gain available before feedback was 
detected in the respective frequency band.  REAG was then measured with attention to the gain 
available in the respective frequency band, determining MSG for that condition.  The purpose of 
measuring REAG to establish MSG is to obtain a quantifiable measurement of the gain available 
from the hearing aid.  REAG was measured using a 50 dB SPL modulated American National 
Standards Institute (ANSI) speech composite signal (ANSI S3.42-1992).  Previous studies 
(Merks et al., 2006; Freed & Soli, 2006) utilized white noise as a stimulus.  A study by Banerjee 
et al. (2006) utilized a 60 dB SPL composite noise.  The rationale for using the 50 dB SPL 
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modulated ANSI signal is to use a signal more representative of the average speech spectrum.  
Test signals were presented from the Frye 7000 loudspeaker located 12 inches from the right ear 
of KEMAR and at 0° azimuth.  The reference microphone was turned off in order to obtain 
accurate measurements in all test conditions (K. Frye, personal communication, November 15, 
2007).  A pilot study was performed prior to data acquisition to address whether the reference 
microphone should be enabled or disabled.  The rationale for disabling the reference microphone 
extends from the practice of disabling the reference microphone when performing REM on open-
ear fittings.  The reference microphone is disabled in this instance as the amplified signal may 
leak out of the ear canal and be received by the reference microphone.  This is problematic as the 
reference microphone would combine the amplified signal with that of the test signal, resulting 
in the real ear system perceiving the test signal as more intense than the originally calibrated 
signal, thus reducing the intensity of the test signal.  Due to the use of an open earmold in this 
project and efforts to establish routine methods for feedback assessment, it was felt that 
measurements with the reference microphone disabled would be no different from those with the 
reference microphone enabled, thus allowing for consistent configuration of the reference 
microphone for both the open and closed earmold conditions.  Audiogram 1 and Audiogram 10 
were chosen for the pilot study as they represent a mild and severe to profound hearing loss, 
respectively.  Results of the pilot study found no significant differences in the average REAG at 
low, mid, and high frequency bands with the reference microphone enabled or disabled.  Figures 
8-11 report the average REAG for the low, mid and high frequency regions for audiogram 1 and 
audiogram 10 in the open and closed earmold conditions for the target, feedback off and 
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Figure 8:  Average REAG measured for the target, feedback reduction off, and  
feedback reduction on for the low, mid, and high frequency bands with the  
reference microphone enabled and disabled.  Audiogram 1, open earmold 
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Reference Mic Pilot Study
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Figure 9:  Average REAG measured for the target, feedback reduction off, and  
feedback reduction on for the low, mid, and high frequency bands with the  
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Figure 10: Average REAG measured for the target, feedback reduction off, and  
feedback reduction on for the low, mid, and high frequency bands with the 
 reference microphone enabled and disabled.  Audiogram 10, open earmold. 
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Figure 11:  Average REAG measured for the target, feedback reduction off, and  
feedback reduction on for the low, mid, and high frequency bands with the  
reference microphone enabled and disabled.  Audiogram 10, closed earmold. 
 
MSG was measured under six experimental conditions, Low-MSG Off, Mid-MSG Off, 
High MSG Off and Low-MSG On, Mid-MSG On, and High-MSG On.  MSG Off and MSG On 
describing whether the feedback reduction algorithm was disabled (off) or enabled (on).  ASG 
was then calculated as the difference between MSG Off from MSG On in each frequency band.   
Once Low, Mid, and High-MSG Off  was identified; feedback reduction was enabled and 
the measurement repeated, utilizing the same method to identify Low, Mid, and High-MSG Off  
40 
Lenzen 
although, now, establishing Low, Mid, and High-MSG On.  During measurements, gain in the 
non-test frequency regions was set at the levels necessary to meet the initial NAL-NL1 target.   
In order to calculate ASG relative to each audiogram, the gain measured when obtaining 
the REAG target was subtracted from the measured MSG, resulting in calculated MSG for each 
frequency region.  So that MSG (-) REAG (=) calculated MSG for each condition.  ASG was 
then calculated as the difference of calculated MSGon  (-) calculated MSGoff in each frequency 
region in 100 Hz increments. 
For example at a particular frequency, measurements may reveal values of:  
REAG:   5     MSG Off:   15 
So that, Calculated MSG Off:   15 (-) 5 = 10 
Further, MSG On :   18 
So that, Calculated MSG On:   18 (-) 5 = 13 
Therefore, ASG = Calculated MSG On (-) Calculated MSG Off :  13 (-) 10 = 3 
In the instance that REAG target was not met without audible feedback occurring, gain 
was reduced through the hearing aid software until audible feedback was not present.  Also, it 
was noted when the resulting spectrum analysis after target was met showed evidence of an 
oscillating or peaked frequency response that demonstrates the presence of feedback.  In these 
cases, gain was reduced in 1 dB increments until the spectrum analysis revealed no oscillations 
or instability in the response of the hearing aid.  Resulting calculations may display a negative 








The aim of this study was to compare differences in ASG between six manufacturers, two 
earmolds, ten audiograms and three frequency bands. 
 ASG was used as the basis for assessing differences in the effectiveness of adaptive 
feedback reduction algorithms across manufacturers, earmolds, audiograms, as well as their 
interactions.  ASG values were measured for each experimental condition and exhibited 
substantial skew.  Because the skew reflected the nature of the process being examined, its 
removal via transformation was not attempted (nor would it have been possible given the nature 
of the skew).  Rather, the skew was treated as the primary outcome of interest.  However, there is 
no developed sampling theory for the comparison of skew in mixed designs such as this.  
Accordingly, randomization was used to test hypotheses.  This technique replaces intractable or 
nonexistent theoretical sampling distributions with empirical sampling distributions.  Computer 
software to perform these analyses was written using Visual Basic, Version 5.0 (Microsoft, 
1997). 
 Randomization is a method of re-sampling in which repeated samples are drawn from the 
obtained data in order to construct a sampling distribution for a statistic of interest.  
Randomization techniques (also called permutation methods) randomly re-sample from the data 
without replacement to test null hypotheses.   
 In the randomization technique, between-group assignments are randomly shuffled, 
maintaining the same group sample sizes (in these data, N=1), and, for each measure, the profile 
of repeated measures is randomly shuffled as well.  The logic behind this approach is that under 
the null hypothesis, the particular group label is meaningless as is the particular label attached to 
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any particular measurement in the repeated measures profile.  Thus, a large collection of random 
shuffles of the data (2000 in this study) will produce a sampling distribution for a statistic of 
interest under the null hypothesis.  In the current application, the skew was calculated within 
each condition after a particular random shuffle of the data and then contrasts corresponding to 
particular hypotheses were applied to the data. Each contrast represented a linear combination of 
skew values, constructed to test the four main effects (manufacturer, audiogram, earmold, 
frequency band); six two-factor interactions (manufacturer x audiogram; manufacturer x 
earmolds; manufacturer by frequency band; audiogram x earmold; audiogram x frequency band; 
earmold by frequency band); four three-factor interactions (manufacturer x audiogram x 
earmold; manufacturer x audiogram x frequency band; manufacturer x earmold x frequency 
band; audiogram x earmold x frequency band); and one four-factor interaction (manufacturer x 
audiogram x earmolds x frequency bands).   
 If the original data contrast fell in the lower or upper 2.5% of the empirical sampling 
distribution, it constituted a rare event under the null hypothesis and the null was thus rejected.  
The principal advantage of the randomization technique with the current data is that no 
theoretical sampling distribution is available for comparing skew values.  An additional 
advantage is that no assumptions about the shape or nature of the sampling distributions need to 
be made.  For randomization, 2000 samples were randomly drawn for each of the 15 hypotheses. 
 Results from the randomization test revealed significant main effect differences in mean 
ASG for the frequency band condition.  In addition, there was a significant two-factor 
manufacturer by earmold interaction and manufacturer by frequency band interaction.  All other 
mean differences in ASG for the remaining main effects, two-factor, three-factor and four-factor 
interactions were found not be statistically significant.   
43 
Lenzen 
Differences in ASG between the Frequency Bands 
Figure 12 reports the grand mean ASG (in dB) for the three frequency bands averaged 
across all test frequencies for the two earmold, six manufacturer, and ten audiogram conditions. 
The mean ASG ranged from 1.6 dB (low frequency band) to 2.8 dB for the high frequency band. 
The randomization test revealed that the mean difference (1.2 dB) in ASG between the low 
frequency band and the mid-frequency band was statistically significant (two tailed proportion p 
<0.001). Also, the randomization test revealed that the mean difference (0.9 dB) in ASG between 
the mid-frequency band and the high frequency band was statistically significant (two tailed 
proportion p <0.001). There were no significant differences in mean ASG between the low 
frequency and high frequency band.   

























Figure 12:  Mean ASG for the three frequency bands averaged across all test frequencies  
for the two earmold, six manufacturer, and ten audiogram conditions. 
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Differences in ASG between Manufacturer and Earmold Style 
  Figure 13 reports the grand mean ASG (in dB) for the interaction between the six 
manufacturers and two earmold conditions averaged across all test frequencies for the ten 
audiogram conditions and three frequency bands. The mean ASG ranged from 0.8 (closed mold; 
Oticon) to 4.7 dB (closed mold; GN ReSound) across the six manufacturers, two earmold styles 
and three frequency bands. The randomization test revealed that the mean difference (2.6 dB) in 
ASG between open and closed earmold for ReSound was statistically significant (two tailed 
proportion p <0.01). There were no significant differences in mean ASG between another other 
manufacturer or earmold conditions.  For reasons which are unclear, the mean ASG was greater 
for the open earmold condition when Starkey and Oticon were the experimental hearing aids. In 
these two comparisons, the mean ASG for the open earmold was 0.4 dB greater than the closed 
earmold for both Starkey and Oticon.  
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Figure 13:  Mean ASG for the interaction between the six manufacturers and  
two earmold conditions averaged across all test frequencies for the ten  
audiogram conditions and three frequency bands.  
 
Differences in ASG between Manufacturer and Frequency Band 
Figure 14 reports the grand mean ASG (in dB) for the interaction between the six 
manufacturers and three frequency bands averaged across all test frequencies for the ten 
audiogram conditions and two earmold conditions.  The mean ASG ranged from -0.5 dB (high 
frequency band; Oticon) to 4.1 dB (high frequency band; GN ReSound) across the six 
manufacturers, two earmold styles and three frequency bands. The randomization test revealed 
that for the ReSound hearing aid, the mean difference (1.9 dB) in ASG between low and high 
frequency band and the 1.7 dB difference between the low and mid frequency band was 
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statistically significant (two tailed proportion p <0.01). Further, the randomization test revealed 
that for the Oticon hearing aid, the mean difference (1.8 dB) in ASG between low and mid 
frequency band and the 3.1 dB difference between the mid and high frequency band was 
statistically significant (two tailed proportion p <0.01). Finally, the randomization test revealed 
that for the Starkey hearing aid, the mean difference (1.8 dB) in ASG between low and mid 
frequency band and the 1.4 dB difference between the mid and high frequency band was 
statistically significant (two tailed proportion p <0.01). There were no significant differences in 
mean ASG between another other manufacturer or frequency band.  For reasons which are 
unclear, the mean ASG was greater for the open earmold condition when Starkey and Oticon 
were the experimental hearing aids. In these two comparisons, the mean ASG for the open 

































Figure 14:  Mean ASG (in dB) for the interaction between the six manufacturers  
and three frequency bands averaged across all test frequencies for the ten  
audiogram conditions and two earmold conditions.   
 
Discussion 
The mean measured ASG in the study, averaged across all frequencies and all conditions 
was 2.1 dB with a minimum of -14.5 dB (Oticon, Audiogram 9, Open earmold, Low Band) and a 
maximum of 8.6 dB (Phonak, Audiogram 10, Open earmold, Mid Band) is considerably lower 
than reported in previous studies.   Merks et al. (2006) did not report average ASG, but reported 
that ASG ranged from 3.5 dB to 16.3 dB.  Banerjee et al. (2006) reported that ASG ranged 
between 2 dB to 18 dB with an average of 9 dB to 12 dB.  Freed and Soli (2006) did not report 
average ASG, but reported that ASG ranged between 0 to 18 dB across all conditions.  
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Greenberg et al. (2000) reported an ASG ranging between -1 dB to 25 dB with an average ASG 
of 8.5 dB for one experimental algorithm and approximately 5 dB for the other experimental 
algorithms.    
 The smaller range of ASG, as well as the negative ASG reported in the present study may 
be attributed to reduced gain caused by the initialization of the feedback manager system in the 
Oticon and Phonak hearing aids. In these two hearing aids, the feedback system deemed specific 
frequencies to be problematic and significantly reduced gain.  This reduction in gain impacted 
the measured MSG and subsequent calculated ASG in two ways.  First, gain was reduced with 
no allowable manual increase resulting in negative ASG.  Second, gain may have been reduced 
with allowable increase in gain to a point determined by the software, resulting in a ceiling effect 
and subsequent smaller calculated ASG.  This latter effect of gain reduction may attribute to an 
average ASG, with negative ASG results removed, of 2.9 dB across all conditions, with a 
minimum ASG of 0 dB.  This re-calculated ASG is still smaller compared to that of previous 
studies.     
Other factors may also have played a role in the finding of the difference in reported ASG 
found in this study when compared to other studies.  First, different hearing aids and feedback 
reduction algorithms were used in the present study than were used in the studies identified 
above. Some of the hearing aids in the studies described above used algorithms that were 
experimental and not available in current commercially available hearing aids (Freed & Soli, 
2006; Greenberg et al., 2000).  Second, the method used to determine when gain was most 
“stable” differed from this study when compared to the other studies.  For example, some studies 
addressed sound quality (Banerjee et al., 2006, Greenberg et al., 2000, Freed & Soli 2006) while 
others did not (Merks et al., 2006).   Freed and Soli (2006) utilized a PCR threshold criteria (read 
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the Introduction for complete description).  Development of the PCR took into account sound 
quality.  Greenberg et al. (2000) utilized four criteria to measure MSG : a] no oscillation; b] no 
degradation of sound quality; c] measured compression limiting with less than 20% of speech 
samples; d] a limit of 30 dB of gain.  Measurements were made using seven subjects.  The more 
selective criteria used by Greenberg et al. (2000) may have resulted in a smaller mean  ASG 
reported by Greenberg et al. (2000) when compared to the other studies (Banerjee et al., 2006; 
Freed & Soli, 2006; Merks et al., 2006).  Further, Greenberg et al. (2000) computed ASG as the 
difference between MSG in a reference algorithm and the MSG in the three experimental 
algorithms, rather than the difference in MSG within the same algorithm as was calculated in the 
other studies (Banerjee et al., 2006; Freed & Soli, 2006; Merks et al., 2006). Also, the more 
selective criteria used by Greenberg et al. (2000) may have attributed to these investigators 
reporting a negative ASG in some conditions.  In the study by Merks et al. (2006), MSG was 
determined by performing measurements at different gain settings in order to distinguish 
feedback from the remainder of the amplified signal.  MSG was estimated from the impulse 
response of each hearing aid with the feedback reduction algorithm disabled and enabled (S. 
Banerjee, personal communication March 25, 2007).  The study by Merks et al. (2006) did not 
take into consideration sound quality when measuring MSG.   
In the current study, methods used for determining MSG were a variation on methods in 
previous studies with a goal of developing an objective method for assessing adaptive feedback 
reduction algorithms.  The use of the FONIX 7000 as a spectrum analyzer displayed the 
frequency response of the hearing aid during MSG measurements, which allowed for a direct 
comparison of “stable” versus “unstable” gain.  This, along with headphones to detect changes in 
sound quality, may have resulted in the criteria for measuring MSG to be stricter when compared 
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to the other methods that have been used in the past to assess feedback reduction algorithms.  
Specifically, in this study, MSG was considered the gain level at which the hearing aid first 
became “unstable,” not the level just below audible feedback as was reported in Banerjee et al. 
(2006), or based on a PCR which may not detect all components of oscillation as reported in 
Freed and Soli, (2006).  It should be noted that when the mean ASG in this study (2.1 dB) is 
compared to a study that also considered sound quality (Greenberg et al., 2000), then the mean 
ASG measured in this study is much closer (5 dB) than that to a study (Banerjee et al., 2006) that 
did not directly assess the sound quality during MSG measurements (9-12 dB).     
Another contributing factor is ceiling effect. As stated earlier, ceiling effects have been 
reported in several studies (Banerjee et al., 2006; Freed & Soli, 2006).  Ceiling effects were also 
noted in this study at specific frequencies in the mid and high frequency bands, due to the 
reduction of gain by the feedback system in the Phonak and Oticon hearing aids.  The following 
conditions had reduced gain in the mid and high frequency bands and subsequent ceiling effects:  
Oticon Audiogram 5 (Open and closed earmold); Oticon Audiogram 6 (Closed earmold); Oticon 
Audiogram 7 (Open earmold), Oticon Audiogram 9 (Closed earmold), Audiogram 10 (Open and 
closed earmold); Phonak Audiogram 3-10 (Open earmold).  No ceiling effects were present in 
this study without reduction in gain due to the feedback manager.    
Finally, measurements for this study were made using custom fit earmolds on KEMAR.   
The use of KEMAR does not take into consideration the variability of individual patient 
differences that may affect the occurrence of feedback.  These differences include the length and 
diameter of the ear canal, compliance of the tympanic membrane, volume of the residual canal, 
presence of cerumen, effects of jaw movement, and resonance of the pinna and concha 
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Further comparison of ASG reported in the previous studies is warranted due to the 
smaller mean ASG reported in this study.  Banerjee et al. (2006) compared two hearing aids, 
each programmed linearly with a flat frequency response. She and her colleagues increased 
overall gain across the frequency range to determined MSG as the amount of gain available just 
below audible feedback.  Gain was averaged at 1000 Hz, 1600 Hz, and 2500 Hz to calculate 
mean MSG and then used to calculate ASG. A mean ASG of 9 dB to 12 dB was reported for 
both hearing aids.  Figure 15 reports the results of MSG off versus ASG for this study, when the 
study hearing aids were programmed to Audiogram 6, a flat 40 dB hearing loss.  Mean ASG for 
Audiogram 6 was 3.4 dB with a minimum ASG of 0.1 dB and a maximum ASG of 8.2 dB in this 
condition.  Results of Figure 15 do not show the same trend as reported by Banerjee et al. (2006) 
for a hearing aid programmed linearly, with a flat frequency response. 























 Figure 15:  MSG off versus ASG for Audiogram 6 averaged at 1000 Hz,  
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1600 Hz, and 2500 Hz.   
 
Figure 16 reports results by Banerjee at al. (2006) for ASG as a function of MSGoff.  It is 
important to note that MSGoff in the Banerjee et al. (2006) study was measured in dB SPL.  In 
the current study, MSG off was measured in gain (dB).    
 
Figure 16:  ASG as a function of MSGoff from Banerjee, S., Recker, K., & Paumen, A.   
(2006).  A tale of two feedback cancellers.  The Hearing Review, 13(7), 40-41, 44. 
 
 A possible explanation for the reduced mean ASG averaged at 1000 Hz, 1600 Hz and 
2500 Hz in the present study, when compared to past, may be due, in part, to the method of 
increasing gain in frequency bands in order to determine MSG for each frequency band.  As 
mentioned previously, the mid frequency band in the present study was between 1000 Hz to 
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2500 Hz.  These two extreme frequencies within this band are also two of the three frequencies 
averaged for Figure 15.  Because these frequencies are at the end points of the mid band, and the 
gain of the low and high bands are set significantly lower, at prescribed REAG during MSG 
measurements, it can be hypothesized that less gain may be provided at 1000 Hz and 2500 Hz 
than if the gain of the hearing aid was increased across all frequencies as was done in several 
past studies. Therefore, a “true” measure of the REAG at 1000 Hz, 1600 Hz, and 2500 Hz, when 
determining MSG, could not be achieved. 
In order to investigate this effect, the same figure was generated using Audiogram 6 
averaged across 200-6000 Hz and all experimental conditions.  Mean ASG for Audiogram 6 
averaged across 200-6000 Hz, is 2.5 dB with a minimum of -2.1 dB and a maximum of 4.9 dB.  
Results shown in Figure 17 show a significant trend (R2 = 0.2468) of decreasing ASG with 
increasing MSG off when ASG for Audiogram 6 is averaged across 200-6000 Hz.   


























Figure 17:  MSG off vs. ASG when averaged across manufacturer and  
earmold for Audiogram 6. 
 
Furthermore, because ten audiograms were used in this study to program the hearing aids, 
resulting in various targets at the low, mid, and high frequency bands, the same figure was 
generated using all ten audiograms and for all experimental conditions, averaged at 1000 Hz, 
1600 Hz, and 2500 Hz.  Results, using this method report the range of ASG was -6.2 dB (GN 
ReSound, Open earmold, Audiogram 5) to 10.7 (GN ReSound, Closed earmold, Audiogram 3), 
with a mean ASG of 2.7 dB.  Figure 18 shows the relationship of MSG Off to ASG when 
averaged at 1000 Hz, 1600 Hz, and 2500 Hz.  Examining the mean MSG Off and ASG for 1000 
Hz, 1600 Hz, and 2500 Hz reveals a similar trend of decreasing ASG with increasing MSG Off, to 
the results reported by Banerjee et al. (2006).  R2 values for the trend line (R2 = 0.0669) in the 
current study (Figure 18) and the Axent II hearing aid (R2 = 0.06) in the study by Banerjee et al. 
(2006) are also very similar.  However, results of the present study do not reveal a significant 
trend of decreasing ASG with increasing MSG off..  Rather, there is a more variable nature of 
ASG in comparison to MSG off.  Therefore, this trend reveals the importance of comparing MSG 
Off with the prescribed target for each individual audiogram in order to determine if the amount 
of ASG available without the feedback reduction enabled is sufficient in order for the measured 
REAG to meet target. 
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Figure 18:  MSG off vs. ASG across all study conditions averaged at  
1000 Hz, 1600 Hz and 2500 Hz. 
 
Figures 19 through 28 report the prescribed NAL-NL1 REAG target, as well as the 
results of MSG Off  in the high frequency band for each manufacturer (GN ReSound, Oticon, 
Phonak, Siemens, Starkey and Widex)  in the open and closed earmold condition for each of the 
ten audiograms.  The high frequency band was selected because this is the frequency region 
where feedback is most likely to occur.  These figures best illustrate the condition where 
feedback most likely poses a challenge for meeting the prescriptive target for the respective 
audiogram without the using adaptive feedback reduction.  In other words, the figures illustrate 
where it may be necessary to have access to adaptive feedback reduction in order to meet and/or 




Figure 19 reports measured REAG for the prescribed NAL-NL1 REAG target with  
MSGoff in the open and closed earmold conditions across the six manufacturer for Audiogram 1.  
For example, Figure 19 illustrates that for the GN ReSound hearing aid, the NAL-NL1 target 
could not be met in the open earmold condition without the use of adaptive feedback reduction 
(i.e., MSGoff was below target).  This is also true for Oticon and Widex in the closed earmold 
condition.  Additionally, if further significant increases in gain should be necessary due to 
changes in hearing, only the Phonak hearing aid could fulfill that requirement without the need to 
activate the adaptive feedback reduction feature if the change required approximately 10 dB of 
additional gain. All other manufacturers would require the feedback reduction feature to be 



























Figure 19:  Prescribed target gain and MSGoff in the open and closed earmold  
conditions across manufacturer for Audiogram 1.  
 
Figure 20 reports measured REAG for the prescribed NAL-NL1 REAG target with 
MSGoff in the open and closed earmold conditions across the six manufacturer for Audiogram 2.  
For example, Figure 20 illustrates that only the Phonak in the open earmold condition and the 
Siemens hearing aid in the closed earmold could meet the NAL-NL1 target without the use of the 
feedback feature. All of the remaining manufacturers would require the use of the feedback 
feature in order to just meet the NAL-NL1 target.  Additionally, if further significant increases in 
gain should be necessary due to changes in hearing, all the manufacturers would require 


























Figure 20:  Prescribed target gain and MSGoff in the open and closed earmold conditions across 
manufacturer for Audiogram 2. 
 
Figure 21 reports measured REAG for the prescribed NAL-NL1 REAG target with  
MSGoff in the open and closed earmold conditions across the six manufacturer for Audiogram 3.  
For example, Figure 21 illustrates that only the Phonak in the closed earmold condition could 
meet the NAL-NL1 target without the use of the feedback feature. All of the remaining 
manufacturers would require the use of the feedback feature in order to just meet the NAL-NL1 
target.  Additionally, if further significant increases in gain should be necessary due to changes 
in hearing, all the manufacturers would require feedback reduction feature to be enabled in order 


























Figure 21:  Prescribed target gain and MSGoff in the open and closed earmold  
conditions across manufacturer for Audiogram 3.  
 
Figure 22 reports measured REAG for the prescribed NAL-NL1 REAG target with 
MSGoff in the open and closed earmold conditions across the six manufacturer for Audiogram 4.  
For example, Figure 22 illustrates that all manufacturers in both earmold conditions, except for 
the Siemens aid in the closed earmold condition met the NAL-NL1 target without the use of the 
feedback feature.  In addition, GN ReSound and Starkey in both earmold conditions, as well as 
Phonak in the closed earmold condition and Widex and Siemens in the open earmold condition, 
could meet target without the use of the feedback reduction feature. However, Oticon, (open and 
closed earmold), Phonak (open earmold), and Widex (closed earmold) may require the feedback 
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Figure 22:  Prescribed target gain and MSGoff in the open and closed earmold  
conditions across manufacturer for Audiogram 4.  
 
In addition, for GN ReSound, and Starkey in both earmold conditions, as well as Phonak 
in the closed earmold condition and Widex and Siemens in the open earmold condition, further 
gain adjustments before the presence of feedback may be feasible without the use of the 
feedback reduction algorithm 
Figure 23 reports measured REAG for the prescribed NAL-NL1 REAG target with 
MSGoff in the open and closed earmold conditions across the six manufacturers for Audiogram 5.  
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For example, Figure 23 illustrates that only the GN ReSound hearing aid in the open mold 
condition could meet the NAL-NL1 target without the use of the feedback feature. All of the 
remaining manufacturers would require the use of the feedback feature in order to just meet the 
NAL-NL1 target.  Additionally, if further significant increases in gain should be necessary due to 


























Figure 23:  Prescribed target gain and MSGoff in the open and closed earmold  




Figure 24 reports measured REAG for the prescribed NAL-NL1 REAG target with  
MSGoff  in the open and closed earmold conditions across the six manufacturers for Audiogram 6.  
Figure 24 illustrates that all manufacturers in both earmold conditions, except for Widex in the 
open and closed earmold conditions, met the NAL-NL1 target in the MSGoff position.  For GN 
ReSound in the open earmold condition and Oticon and Phonak in the closed earmold condition, 
additional gain adjustments may be feasible without using the feedback reduction feature.  
However, for the open earmold condition for Oticon, Phonak, Siemens, Starkey and Widex, as 
well as the closed earmold condition for GN ReSound, Starkey and Widex, the adaptive 
feedback reduction feature would be required in order to allow for further increases without the 




























Figure 24:  Prescribed target gain and MSGoff in the open and closed earmold 
conditions across manufacturer for Audiogram 6.  
 
Figures 25 - 28 reports measured REAG for the prescribed NAL-NL1 REAG target with 
MSGoff  in the open and closed earmold conditions across the six manufacturers Audiograms 7-
10.  Audiograms 7-10 represent moderately severe to profound hearing loss in the high 
frequency band.  Figure 25-28 demonstrates that the prescribed NAL-NL1 target could not be 
met by any manufacturer in any earmold condition with MSGoff .  This finding is evidence for the 
necessity of an adaptive feedback reduction feature for patients with moderately severe to 
profound hearing loss in order to provide sufficient gain in order to met NAL-NL1 in the high 

























Figure 25:  Prescribed target gain and MSGoff in the open and closed earmold  


























Figure 26:  Prescribed target gain and MSGoff in the open and closed earmold  


























Figure 27:  Prescribed target gain and MSGoff in the open and closed earmold  



























Figure 28:  Prescribed target gain and MSGoff in the open and closed earmold  
conditions across manufacturer for Audiogram 10.  
 
Case Studies  
Figures 29-31 display several case studies.  For example, Figure 29 illustrates the 
prescribed REAG NAL-NL1 target (◊) for Audiogram 6 in the closed earmold condition for the 
Oticon hearing aid. It can be seen that with MSGoff (x) REAG is significantly above target in the 
mid and high frequency region.  Thus, in this case, measured REAG exceeds prescribed REAG.  
However, the initialization of the adaptive feedback feature to measure MSG on (▲) greatly 
reduced gain in the high frequency region.  This reduction of gain can be seen at approximately 
2500 Hz, resulting in a negative ASG (●) in the high frequency region.  
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Figure 29:  Measured target, MSG off, MSG on, and calculated ASG for  
Oticon in Audiogram 6, closed earmold condition. 
 
Figure 30 reports a second example. In this case, the GN ReSound was fit to meet the 
REAG needs for Audiogram 10 in the closed earmold condition. Here it can be seen that the 
prescribed REAG NAL-NL1 target (◊) was met through 900 Hz with MSGoff (x) and through 
2200 Hz with MSGon (▲).  However, it is clear at frequencies greater than 2200 Hz, the 
prescribed REAG target could not be met with MSGon, despite an average ASG (●) of 4.5 dB.  
This case study illustrates that even with an adaptive feedback reduction feature enabled, it still 
may not be possible to reach target without the presence of feedback for severe to profound 
hearing loss.      
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Figure 30:  Measured target, MSG off, MSG on, and calculated ASG for  
GN ReSound in Audiogram 10, closed earmold condition. 
 
An ideal case is illustrated in Figure 31. In this case, the prescribed NAL-NL1 REAG 
target (◊) was met at all frequencies with MSGoff (x).  Once the adaptive feedback reduction 
feature was enabled (MSG on (▲), additional gain was available.  This case demonstrates that 
despite target being met with MSGoff, the use of the adaptive feedback reduction feature can be 
advantageous if further increases in gain are necessary due to a greater hearing loss or for the 
need to fine-tune. 
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Figure 31:  Measured target, MSG off, MSG on, and calculated ASG for  
Starkey in Audiogram 2, open earmold condition. 
 
Conclusions 
 The following are the answers to the experimental questions asked at the beginning of the 
study: 
1. Results revealed no significant differences in mean ASG between the six hearing 
aid manufacturers averaged across the ten audiometric configurations, two 
earmolds, and three frequency band conditions. 
2. Results revealed no significant differences in mean ASG in the ten audiograms 
averaged across the six hearing aid manufacturers, two earmolds, and three 
frequency band conditions. 
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3. Results revealed no significant differences in mean ASG in the two earmold 
conditions averaged across the six hearing aid manufacturers, ten audiograms and 
three frequency band conditions. 
4. Results of randomization tests found statistically significant differences in the 
mean ASG between the three frequency bands averaged across the six hearing aid 
manufacturers, ten audiograms, and two earmold conditions for the mid frequency 
band and high frequency band, as well as a significant difference between the 
mean ASG in the mid frequency band and the low frequency band. 
5. Results revealed statistically significant differences in the mean ASG for the two-
factor interaction (manufacturer x earmold) between the open and closed earmold 
for GN ReSound.  Results also revealed statistically significant differences in the 
mean ASG for the two factor interaction (audiogram x frequency bands) for the 
mean difference in ASG in the low and high frequency band and the low and mid 
frequency band for the GN ReSound hearing aid.  Statistically significant 
differences in the mean ASG for the two factor interaction (audiogram x 
frequency bands) for the mean difference in ASG were also found between the 
low and mid frequency band and the mid and high frequency band for the Oticon 
hearing aid.  Further, statistically significant differences in the mean ASG for the 
two factor interaction (audiogram x frequency bands) were found between the low 
and mid frequency band and between the mid and high frequency band for the 
Starkey hearing aid. 
6. Results revealed no significant differences in the mean ASG for the four three-
factor interactions (manufacturer x audiogram x earmolds; manufacturer x 
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audiogram x frequency band; manufacturer x earmold x frequency bands; 
audiogram x earmolds x frequency band). 
7. Results revealed no significant differences in the mean ASG for the one four-
factor interaction (manufacturer x audiogram x earmolds x frequency bands). 
 
An objective method for clinically measuring feedback was established as a result of this 
study. This method, utilizing a real ear system as a spectrum analyzer was an effective clinical 
tool during REM. By switching the real ear device to a spectrum analyzer when making gain 
adjustments, the audiologist was able to display the spectral analysis and visualize the stability of 
the output of the hearing aid.  During this time, the patient should be able to judge sound quality 
as well, for example the presence of an “echo” as the response of the hearing aid becomes more 
unstable.  Future research should explore this method of identifying “stability” in the frequency 
response of a hearing aid and comparing that with measures of sound quality evaluated by 
patients.  Future research should also take into consideration the relationship of features such as 
noise reduction, directional microphones in combination with adaptive feedback reduction 
algorithms.  Future research should also concentrate on the adaptive component of feedback 
reduction algorithms.  Assessment of performance in situations that could change the feedback 
pathway would be useful in achieving a full representation of the performance of adaptive 
feedback reduction algorithms with the current methods.  Further, changing feedback pathways 
may be quite troublesome to hearing aid patients, and the clinical implications of rate of 
adaptation to feedback and sound quality during adaptation are important to consider.  Finally, 
future research should continue the work of establishing a standard method for assessing the 
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Appendix A:  Using the Frye 7000 as a spectrum analyzer to measure feedback.  Adapted from:  
Baum, E. & Valente, M. (2008).  Using the Fonix 7000 to verify coupler and real-ear 
performance to adhere to the AAA guidelines for the audiologic management of adult hearing 
impairment. [Manual].  pp. 51-54.  Washington University School of Medicine:   St. Louis, MO.   
 
STEP-BY-STEP 
1. From the Opening screen, press [F2] to enter the Real Ear Navigation screen. 
2. Press [F4] to enter the Real Ear SPL screen. 
3. Press [MENU] to enter the Real Ear SPL 
Menu. 
 NOTE: Use the UP/DOWN arrows to select a menu 
option and press the RIGHT arrow to change a 
selection. 
a. Select Graph as the Data/Graph 
option under the Display heading. 
b. Turn the Reference Mic to Off under 
the Measurements heading. 
c. Press [EXIT] to return to the test 
screen. 
4. Set the patient up for real ear measurements 
and level the sound-field speaker as 
described in section 2.1 of Baum &Valente, (2008). Figure 32:  Real Ear SPL Menu 
5. Press [F1] to select the appropriate ear. 
 
6. Press [F3] and turn off all of the following curves: REUR, HTL re, LOWT re, MIDT re, 
HIGT re, LDL re, LTASS.   
When navigating the F1-F8 settings: press the UP/DOWN arrows to move the cursor up and down and 
press the RIGHT arrow to make a selection and return to the test window. 
 




7. Use [F2] to select 
an aided curve. 
 
8. In the Real Ear SPL 
screen, press the 
down arrow until 
the source is OFF. 
 
9. Press [START] to 
measure the output 
of the hearing aid.  
Press [STOP] to 
store the curve.  
 





















Figure 35:   Spectrum analysis of a HA with feedback as 
characterized by instability in spectrum analysis and peak at 
approximately 3000 and 6000 Hz). The clinician can also use the 
earphones and amplifier (volume control knob) delivered with the 
Frye 7000 and placed in the probe module to listen for an “echo” 
and the presence of feedback. Often the perceived presence of the 
echo is an “early sign” of the feedback and is the beginning of the 
change of the waveform during this spectrum analysis.  






















Figure 36:  Spectrum analysis of hearing aid with audible 
“whistling” feedback.   It’s interesting to note that a difference as 
little as 1 dB can change a measure as seen in Figure 35 to the one 






Note… Verification of the feedback feature requires three measures. The first measure is to 
determine the Maximum Stable Gain with the feedback feature off (MSBFBoff). The second is 
Maximum Stable Gain with the feedback feature on (MSGFBon). The final measure is Added 
Stable Gain (ASG) which is simply MSGFBon (-) MSBFBoff.  ASG documents the amount of 
additional gain provided to the patient with the activation of the feedback feature. MSGFBoff is 
measured by increasing the overall gain of the hearing aid until the spectrum analysis is unstable 
as illustrated on the monitor, and shown in Figure 35, or when the patient reports a change in 
sound quality.  At this point, the clinician would reduce the gain by 1 dB or until the spectrum 
analysis as shown in Figure 34 is reported and sound quality, as reported by the patient, is not 




aid available prior to the presence of feedback. Now, the clinician activates the feedback feature 
and repeats this measure (MSGFBon). If the feedback feature is effective, then the MSGFBon will 
report greater output than MSGFBoff and the difference between these two measures (ASG) is the 
effectiveness of the feedback feature in providing the patient with greater useable gain/output.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
